Introduction
[2] The Arctic Ocean is characterized by its large continental shelf, which represents approximately one third of its surface area. During sea ice formation in winter, cold dense water cascading over the continental shelf around the Arctic Ocean could be an important transport for chemical species, such as sea salts, dissolved organic matter (DOM) and nutrient, from the shelf to the Arctic Basin [Guéguen et al., 2007; Nishino et al., 2008] . An important feature of the upper surface water column in the Arctic Ocean is the dominance of a strong cold halocline that separates the surface water from the underlying Atlantic-origin waters. In the Canada Basin, Pacific-origin water entering through the Bering Strait can be highly modified on the shelves by runoff and sea ice formation. The upper halocline layer (upper HL) is associated with prominent nutrient and DOM maxima [Jones and Anderson, 1986; Wang et al., 2006; Guéguen et al., 2007] due to sea ice formation [Aagaard et al., 1981; Melling and Lewis, 1982] and interactions with bottom sediments on the shelves [Moore et al., 1983] . The lower halocline layer (lower HL) is found beneath the upper HL and mainly originates from the Atlantic. Mixtures containing Atlantic water are only found below the nutrient maximum in the Canada Basin . The Atlantic water extends from about 250-850 m and the Canadian Basin Deep Water (CBDW) is found at depths greater than 850-1000 m. Despite the great interest in the behavior of iron in open oceans, our understanding of the biogeochemical and physical mechanisms that regulate iron and other trace metals is still limited in subarctic and arctic marginal seas, such as the Bering Sea, the Okhotsk Sea and the Arctic Ocean.
[3] In general, dissolved Fe ( [D-Fe] ) in remote oceanic regions are characterized by surface depletion and a gradual increase with depth below the surface water and release from microbial decomposition of sinking organic matter in deep water [Johnson et al., 1997] . [D-Fe] distributions in the deep water column are mainly controlled by the production of dissolved Fe from particulate organic matter (POM) during carbon remineralization [Johnson et al., 1997] , the particle scavenging removal dissolved Fe [Bergquist and Boyle, 2006; Bergquist et al., 2007] , and the complexation of Fe with natural organic ligands [Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Kuma et al., 1996 Kuma et al., , 2003 Laglera and van den Berg, 2009; Kitayama et al., 2009] . These processes would lead to mid depth maxima and, below that, a slight decrease in the [D-Fe] with depth in deep water of the North Pacific Ocean [Martin et al., 1989; Johnson et al., 1997; Nakabayashi et al., 2001; Nishioka et al., 2003 Nishioka et al., , 2007 Takata et al., 2006; Kitayama et al., 2009] . Recently, it has been suggested that Fe(III) hydroxide solu-bility in deep water is controlled by organic Fe(III) complexation with humic-type fluorescent dissolved organic matter (humic-type FDOM), which plays an important role in regulating [D-Fe] in the deep water column [Tani et al., 2003; Laglera and van den Berg, 2009; Kitayama et al., 2009; Yamashita et al., 2010] . However, particulate Fe ( [P-Fe] : total dissolvable Fe ( [T-Fe] ) minus [D-Fe] ) with short residence time in deep water may be sensitive to change in the water masses and the resuspension of sediments from the seafloor or the slope in various oceanic sites [Takata et al., 2006 Nishioka et al., 2007; Lam and Bishop, 2008; Otosaka et al., 2008; Kitayama et al., 2009; Fujita et al., 2010] .
[4] Ecosystems in marginal seas are in close proximity to terrestrial and continental shelf sources of Fe. Iron is generally supplied to surface water by the upwelling, vertical water mixing, atmospheric and riverine inputs [e.g., Hutchins et al., 1998; Kuma et al., 2000; de Baar and de Jong, 2001; Jickells and Spokes, 2001; Saitoh et al., 2008] . Recently, it has been reported that the supply of iron from continental shelf sediments to the surface water by wind-driven upwelling induced the high productivity in central California waters [Johnson et al., 1999 [Johnson et al., , 2001 Fitzwater et al., 2003; Elrod et al., 2004 Elrod et al., , 2008 Chase et al., 2005] . In addition, several studies in other regions, such as the Alaskan coast, the east coast of New Zealand, the European shelf and the Pacific Ocean side of Hokkaido (Japan), have also reported that the lateral supply of iron from the continental margin is an important source to the open ocean [Croot and Hunter, 1998; Laës et al., 2003 Laës et al., , 2007 Lam et al., 2006; Lam and Bishop, 2008; Ussher et al., 2007; Nakayama et al., 2010] . However, the transport mechanisms and the magnitudes of the various sources in the iron cycles of the coastal and marginal seas are not well known.
[5] In the present study, we report the vertical distributions of iron ([D-Fe] and [T-Fe]) , and chemical components (humic-type fluorescence intensity (humic F intensity), nutrient, and oxygen concentrations) throughout the water column in the continental shelf, slope and basin regions (the Chukchi Sea and the Canada Basin) of the western Arctic Ocean in order to understand the mechanisms that control iron behavior in the water column of the Arctic Ocean.
Methods

Sample Collections and Treatment
[6] Samples were collected during cruise (MR 08-04) on the Japanese R/V Mirai between 1 and 27 September 2008 in the western Arctic Ocean (Figure 1 ). Twenty-three to ten seawater samples were vertically collected between 5 and 3897 m at one station (B1) in the Canada Basin, between 5 and 1283-2143 m at four stations (B2, B3, S2 and S5) in the slope region and between 5 and 186-217 m at three stations (S1, S3 and S4) in the continental shelf region of the Chukchi Sea (Table 1) . The distance between S2 and B2, between B2 and B3 and between S4 and S5 is approximately 280-300 km. In addition, a basin station (B1) in the Canada Basin is away from the continental shelf with distance of about 200 km (Figure 1 ). We used acid-cleaned, Teflon-coated, 10 L Niskin X sampling bottles (General Oceanics) attached to a CTD-RMS (conductivity-temperature-depth probe-rosette multi-sampler). Sample filtration for analyses of [D-Fe] and humic F intensity was carried out by connecting an acid-cleaned 0.22 mm pore size Durapore membrane filter (Cartridge type-Millipak 100 with large filtering surface area, Millipore) to a sampling bottle spigot and then filtering with gravity filtration. The filtrate (7-8 ml) for humic F intensity analysis was immediately frozen in 10 ml acrylics tubes to <−20°C in the dark until measurement in the laboratory. The freezing treatment was used to prevent the possible microbial degradation of natural humic-type FDOM in the filtered seawater. Unfiltered samples were collected for [T-Fe] , chlorophyll a (Chl a) and nutrient concentrations. The filtered and unfiltered seawater (100 ml in precleaned 125 ml low-density polyethylene (LDPE) bottles) used for [D-Fe] (<0.22 mm fraction) and [T-Fe] (unfiltered) analyses were acidified with ultrapure grade HCl to pH 1.7-1.8 in a class 100 clean air bench on board after collection. The acidified iron samples were allowed to stand at room temperature for 3 months at least until iron analysis in the laboratory [Bruland and Rue, 2001; Lohan et al., 2005] .
[7] Hydrographic observations (salinity, temperature, depth and dissolved oxygen (DO) concentration) were conducted with a CTD and DO sensor.
Dissolved and Total Dissolvable Fe Concentrations
[8] The acidified iron samples were buffered at pH 3.2 with a 8.15 M quartz-distilled formic acid −4.54 M ultrapure grade ammonium buffer solution (0.8 ml per 100 ml sample solution) in a class 100 clean air bench in the laboratory. The iron concentrations ([D-Fe] and [T-Fe] ) in buffered 0.22 mm filtered and unfiltered samples were determined by an automated Fe analyzer (Kimoto Electric Co. Ltd.) by use of a combination of chelating resin concentration and luminolhydrogen peroxide chemiluminescence (CL) detection in a closed flow through system [Obata et al., 1993] as reported in our previous studies [Nakabayashi et al., 2001; Takata et al., 2004 Takata et al., , 2005 Takata et al., , 2006 Takata et al., , 2008 Kitayama et al., 2009] . Briefly, iron in a buffered sample solution was selectively collected on 8-hydroxyquinoline immobilized chelating resin and then eluted with dilute 0.3 N HCl. The eluent was mixed with luminol solution, 0.6 N aqueous ammonia and 0.7 M H 2 O 2 solution successively, and then the mixture was introduced into the CL cell. Finally, the iron concentration was determined from the CL intensity. Accuracy of this analysis was checked using the SAFe reference materials (pH 1.7-1.8). The SAFe reference materials were found to be within the range of the consensus values of 0.097 ± 0.043 nM for S1 and 0.91 ± 0.17 nM for D2 [Johnson, 2007] (GEOTRACES homepage, http://www.geotraces.org/). The [D-Fe] of S1 and D2 reference samples, which were determined by our analytical method after being buffered at pH 3.2 in the present study, were 0.113 ± 0.004 nM and 0.99 ± 0.09 nM within the range of the consensus values, respectively.
[9] In our previous studies, there were no differences in the [D-Fe] of directly buffered 0.22 mm filtered oceanic samples to pH 3.2 (without acidification of seawater samples to pH 1.7-1.8 in the present study) that had been kept for 1 month and 6 months (for example, 0.28 and 0.27 nM at 50 m depth and 1.10 and 1.09 nM at 200 m depth, respectively, at an oceanic station in the northwestern North Pacific Ocean [Takata et al., 2004] ). However, it is unclear what the effect of weak acidification to pH 3.2 would have on solubilizing any colloidal Fe phases that might be present in the "dissolved" fraction ([D-Fe], <0.22 mm fraction), an uncertainty of great concern especially in estuarine and coastal waters, where dissolved Fe concentrations may be higher and colloidal Fe comprises a greater fraction [Bruland and Rue, 2001] . In addition, the weak acidification of unfiltered seawater samples may lead to measure some operational fraction of the acid leachable particulate Fe and dissolved Fe fraction. Therefore, the filtered and unfiltered seawater used for [D-Fe] and [T-Fe] analyses in the present study were acidified with ultrapure HCl to pH 1.7-1.8 on board as soon as the samples were collected and then kept at room temperature for 3 months at least until iron analysis in the laboratory.
2.3. Humic-Type FDOM, Nutrient, Dissolved Oxygen and Chl a Concentrations
[10] The frozen 0.22 mm filtered samples in acrylics tubes were thawed and warmed overnight to room temperature in the dark, the humic-type FDOM was measured as the humic F intensity in a 1 cm quartz cell with a Hitachi F-2000 fluorescence spectrophotometer at 320 nm excitation and 420 nm emission, using 10 nm bandwidths [Hayase et al., 1988; Hayase and Shinozuka, 1995] as reported in previous studies [Tani et al., 2003; Takata et al., 2004 Takata et al., , 2005 ; Kitayama et al., Figure 1 . Locations of sampling stations in the Canada Basin (B1) and in the Chukchi Sea (B2, B3, S2, and S5 in the slope region and S1, S3, and S4 in the shelf region) of the western Arctic Ocean during 1-27 September 2008. [Hansen, 1999] . Chl a concentrations were determined by the fluorometric method and a Turner Design fluorometer (10-AU-005). Nutrient and Chl a concentrations and DO were measured on board by Marine Works Japan on behalf of Japan Marine Science and Technology Center (JAMSTEC).
Results
Hydrographic Features
[11] Surface water salinity was generally lower over the southern Canada Basin region (B1, B2, B3, S1, S2 and S3, S = 23.97-27.88) compared with the western shelf and slope regions (S4 and S5, S = 29.22-30.57), resulting from the sea ice melting during summer in 2008 (Figures 1-4) . The temperature-salinity diagram ( Figure 2 ) identified three water masses in the shelf region (S1, S3 and S4 with the bottom depth of about 200 m) and five water masses in the slope and basin regions (B1, B2, B3, S2 and S5), similar to those in previous studies [Aagaard et al., 1981; Swift et al., 1997; Codispoti et al., 2005] . (1) The surface mixed layer from the surface to ∼25-50 m with salinities of 24-31 and temperatures of −1-4.6°C depending on season and location, which receives most inputs of freshwater from rivers and melting ice. [D-Fe] in the surface water at S1, S3, and S4 of the shelf region and at S5 of the slope region, where is located in the west of the Chukchi Plateau. The shaded region is the halocline layer characterized by a temperature minimum and phosphate maximum. 
Iron and Other Chemical Components in the Surface Water
[12] In the surface mixed layer (<25-50 m depth), nutrient concentrations at all stations, except for S5, were extremely low for nitrate and relatively high phosphate and silicate (0.05-0.15 mM for NO 3 , 0.5-0.8 mM for PO 4 (Figures 3c, 4c , 5, and 6 and Table 2 ) and 3-7 mM for Si(OH) 4 (Table 2)), while those at S5, where is in the west of the Chukchi Plateau (Figure 1 ), were relatively high with 0.06-6.88 mM for NO 3 (Figure 5e ), 0.8-1.3 mM for PO 4 (Figures 4c and 5e), 11-16 mM for Si(OH) 4 (Table 2) . Similarly, Chl a concentrations at S5 were relatively high with 0.9-1.6 mg l −1 , while those at other stations were low with 0.1-0.8 mg l −1 (Figure 7 ). In addition, humic F intensity in the surface mixed layer was also low and followed by an increase with depth (Figures 3d,  4d , 5, and 6). However, [D-Fe] and [T-Fe] levels were relatively high with the ranges of 0.44-1.3 nM and 2-8 nM, respectively (Figures 3e, 4e, 8, and 9 and Table 2 ).
[13] In the halocline layer (upper HL and lower HL, ∼25 m to 200-350 m), nutrient concentrations and humic F intensity generally increased from the surface to the bottom of the upper HL (∼25 m to 225 m at the slope and basin regions and ∼25 m to ∼150 m at the shelf region) ranged from 0.0 to ∼15-18 mM for NO 3 , from 0.5 to ∼1.8-2.2 mM for PO 4 , from 5 to ∼32-54 mM for Si(OH) 4 (Table 2) and from 2-3 to ∼4.1-4.8 for humic F intensity and, below that, rapidly decreased with depth in the lower HL (Figures 3c, 3d, 4c, 4d , 5, and 6 and Table 2 Table 2 ). The [D-Fe] levels in the halocline layer at B1, S1 and S3 were relatively variable in the range of 1.0-3.2 nM, while those at B2, B3, S2, S4 and S5 rapidly increased from surface to about 50-75 m depth, nearly constant with high concentrations of 1.0-1.6 nM between depths of about 75-175 m in the upper HL, and rapidly decreased with depth in the lower HL (Figures 3e, 4e, 8, and 9) . However, the higher [T-Fe] -Fe] ) levels were found near the lower HL of the slope and basin regions and near bottom of the shelf region (Figures 8 and 9 ). The [T-Fe] of the slope and basin regions rapidly increased with depth from surface to near the lower HL to 10-50 nM (approximately 30-50 nM at B1 and B2, 20 nM at B3 and S2 and 10 nM at S5) between depths of 100-300 m, and rapidly decreased with depth to 10-20 nM beneath the lower HL (Figure 8 ). In addition, those of the shelf region rapidly increased with depth to 512 nM at 212 m depth near bottom (S1: bottom depth of 217 m), to 312 nM at 186 m depth near bottom (S3: bottom depth of 196 m) and to 243 nM at 217 m depth near bottom (S4: bottom depth of 222 m) ( Figure 9 and Table 2 ).
Iron and Other Chemical Components in the Deep Water Column
[14] Nutrient concentrations and humic F intensity in the water column of the slope and basin regions ( Figure 5) were generally characterized by surface depletion, subsurface Figure 5 ).
[15] The [D-Fe] in the water column of the slope and basin regions ( Figure 8) were generally characterized by surface depletion, subsurface maxima (1.1-2.5 nM) in the upper HL, rapid decrease with depth in the lower HL, and then gradual decrease with depth in the AL to 0.4-0.6 nM at B1, B2, B3 and S2 and to ∼0.9 nM at S5. In deep and bottom waters below 850 m depth (CBDW), the [D-Fe] levels tended to slightly decrease with depth to 0.25 nM at 3500 m depth of B1 and to 0.28 nM at 2143 m depth (near bottom) of B3 (Figures 8a and 8c) or to be nearly uniform with ∼0.5-0.6 nM at B2 and S2 (Figures 8b and 8d) and with ∼0.9-1.1 nM at S5 (Figure 8e ). These vertical distributions were relatively similar among the stations in the slope and basin regions (Figure 8 ) and remarkably similar to those of nutrient concentrations and humic F intensity ( Figure 5 ). In addition, the [T-Fe] at B1, B2, B3, S2, and S5 (Figures 8) were also generally characterized by surface depletion (∼2-6 nM), rapid increase with depth in the upper HL, subsurface maxima (∼10-48 nM) in the lower HL, and then rapid decrease with depth in the AL to ∼6-14 nM. In deep and bottom waters (CBDW), the [T-Fe] levels tended to gradually decrease with depth to 2.6 nM at 3500 m depth of B1, 9.7 nM at 1500 m 
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depth of B2 and 7.4 nM at 1500 m depth of B3 and appeared to rapidly increase with depth in bottom waters (5.8 nM and 21-66 nM near bottom depth in the basin region (B1) and the slope region (B2, B3, S2, and S5), respectively).
Discussion
Iron Concentrations in the Surface Water
[16] We observed extremely low nitrate, relatively low Chl a and relatively high Fe concentrations (0.44-1.3 nM for [D-Fe] and 2-8 nM for [T-Fe] ) in the surface mixed layer at all stations, except for S5 (Figures 3-9) . Therefore, phytoplankton growth in the surface mixed layer of the Arctic Ocean in the present study, which was characterized by low nitrate and high Fe concentrations, could be limited by macronutrient deficiency. The high Fe concentrations in the surface mixed layer probably result from the high Fe inputs from rivers and melting ice to nutrient-depleted surface water. In our previous studies [Kitayama et al., 2009; Fujita et al., 2010] , we observed high [D-Fe] and [T-Fe] in the surface mixed layer with extremely low nutrient concentrations at the stations of the western subtropical North Pacific and the marginal Japan Sea, probably resulting from higher atmospheric Fe input than biological Fe uptake in the oligotrophic surface mixed layer. However, it is unknown which particulate Fe ([P-Fe] = [T-Fe] minus [D-Fe] ) in the surface mixed layer of the present study is reactive POM and/or inert particles from river and melting ice.
[17] In the present study, the subsurface maxima of humic F intensity (4-5 QSU, Figures 3d and 4d ) and of [D-Fe] (1.0-3.2 nM, Figures 3e and 4e) were found at the narrow depth ranges of 25-150 m (S1, S3 and S4 in the shelf region and S5 in the slope region) and 25-225 m (B1, B2, B3, and S2 in the slope and basin regions) in the upper HL, remarkably consistent with those of nutrient concentrations (Figures 3c, 4c , 5, and 6). The halocline in the Canada Basin is complex, reflecting inputs of both Pacific-and Atlantic-origin waters. Pacific Winter Water (PWW) through the Bering Strait has long been recognized as primary component of the western Arctic halocline [Coachman et al., 1975; Shimada et al., 2005; Woodgate and Aagaard, 2005] . In winter, minimal biological uptake of nutrients occurs in the Bering and Chukchi Seas [Hansell et al., 1993; Codispoti et al., 2005] , and nutrients are supplied from the shelf bottom [Jones and Anderson, 1986] , resulting in extremely high nutrient concentrations in PWW. The spreading of PWW into the western Arctic Ocean forms a nutrient maximum layer [Moore et al., 1983; Jones and Anderson, 1986] . In addition, many recent studies of nutrient and dissolved organic matter in the western Arctic Ocean [Jones et al., 1998; Wang et al., 2006; Guéguen et al., 2007; Nishino et al., 2008 Nishino et al., , 2009 Yamamoto-Kawai et al., 2008] have also reported prominent nutrient and colored dissolved organic matter (CDOM) maxima in the upper HL. Wang et al. [2006] reported that nutrient concentrations were in the surface depletion and the subsurface maxima centered at ∼125 m depth within the halocline layer and that both ammonium and phosphate concentrations were elevated in shelf bottom waters, indicating a possible nutrient source from sediments, and in a plume that extended into the upper HL offshore. In addition, it has been reported that nutrient maximum concentrations were found above the sediments on the shallower shelf and shelf-slope break (≤∼100 m depth) than the shelf region in the present study, indicating potential sedimentary sources, and that ammonium with the highest concentrations in bottom waters over the self and at the shelfslope break decreased from the shelf region to the basin region, showing little variation with depth in the basin region [Wang et al., 2006; Guéguen et al., 2007] . Moreover, it has been suggested that penetration of the high nutrient and CDOM fluorescence signals, which were formed on the shelves, into the Canada Basin was confined to the upper HL and the presence of nutrient and CDOM in the halocline layer likely resulted from two main processes: the brine rejection during sea ice formation and transport across the sediment-water interface during early diagenesis [Jones and Anderson, 1986; Guéguen et al., 2007] . Therefore, the high concentrations of [D-Fe] and humic-type FDOM as humic F intensity within the halocline waters of the shelf, slope and basin regions would be due to sea ice formation and interactions with sediments on the shallower shelves (≤∼100 m depth) than the shelf region in the present study. Since these processes could be sources of the [D-Fe] and humic-type FDOM, these subsurface lateral transports into the halocline layer from the shelves to the Arctic Basin could be expected.
[18] However, the maxima of [T-Fe] were found in the lower HL, beneath the upper HL, of the slope and basin regions, except for S5, (Figure 8 ) and at the bottom of the shelf region (Figure 9 ) although those of [D-Fe] , nutrient and humic F intensity were found in the upper HL (Figures 3-6, 8 , and 9) and the [D-Fe] in the upper HL appeared to be associated with humic F intensity. It has been suggested that oxidative decomposition of particulate organic matter in continental shelf sediments is likely to be the major benthic source of [D-Fe] and [P-Fe] to the overlying water on shelves [Johnson et al., 1999; Elrod et al., 2004; Nédélec et al., 2007; Saitoh et al., 2008] . In the present study, the subsurface maxima of [D-Fe] in the upper HL and the increase in [T-Fe] with depth in the shelf regions (Figure 9 ) may be attributed to the balance between the supply of dissolved pore water iron from shelf sediments to the overlying water, the oxidative precipitation of dissolved iron, the resuspension of sedimentary particles into a benthic layer due to a tidal mixing and the inflow of the Atlantic water into the lower HL. The higher [P-Fe] levels were found with subsurface maxima in the lower HL of the slope and basin regions (Figure 8 ) and near the bottom of the shelf region with increase with depth ( Figure 9 ), indicating that the [P-Fe] in the lower HL is probably exported from the highly productive shelf region to the slope and basin regions. Therefore, the high [P-Fe] in the lower HL is predominantly due to the sediment resuspension on the shelves (≥∼100 m depth) by the inflow of the Atlantic water (Figure 2 ). Shelf sediment is generally rich in organic matter, which consists of fresh phytoplankton detritus and fluvial deposition. Under this organic-rich and -reduced condition in the sediments, soluble Fe 2+ and organic Fe(III) complexes are formed by microbial degradation process [Luther et al., 1992 [Luther et al., , 1996 Nevin and Lovley, 2002; Carey and Taillefert, 2005] . These soluble Fe species are probably supplied from shelf sediment to the overlying water and are mostly oxidized and precipitated in seawater. In addition, it has been reported that the cold and turbid Dense Shelf Water (DSW) in the Okhotsk Sea is discharged from the bottom of the northwestern continental shelf, where sea ice formation had rejected large amounts of brine waters in winter, to the pelagic intermediate layer, supplying large amounts of particulate matter [Nakatsuka et al., 2002 [Nakatsuka et al., , 2004 . It was suggested that the sedimentary particles are resuspended into the benthic layer, forming an extremely cold and turbid water mass, due to the tidal mixing and then are exported from the shelf to the slope area.
[19] Since Fe is preferentially scavenged from the water column during the mineralization cycle, upwelled water is relatively deficient in Fe compared to nitrogen species. Therefore, an additional input of Fe is needed to surface waters to reestablish the biologically required N:D-Fe balance. We used a maximum stochiometric mole ratio of N:DFe required to allow the complete consumption of N of 15000:1 [Kaupp et al., 2011] , which was calculated by assuming a limiting C:Fe ratio in phytoplankton of 10 5 :1 [Sunda and Huntsman, 1995] and a C:N ratio of 6.7:1. The upper and lower HL in the present study have the N:D-Fe ratio <15000:1 (Table 2) , implying the presence of sufficient D-Fe to allow full utilization of nitrate in the HL.
[20] Profiles of AOU, nutrient, humic F intensity and [D-Fe] against potential density (s ) showed a well developed halocline in a s range of 25.0-27.5 and the maximum values at a narrow s range of 26-27 in all stations of the slope and basin regions (Figure 10 ). However, we observed relatively higher nutrient and Chl a concentrations (0.1-6.9 mM for NO 3 , 0.8-1.3 mM for PO 4 , 11-16 mM for Si(OH) 4 and 0.9-1.6 mg l −1 for Chl a, Table 2 and Figure 7a ) at the surface (10-20 m depths) and higher maximum AOU and nutrient concentrations at s = 26-27 in the shallower halocline layer (25 to 150 m depth) at S5, where is in the west of the Chukchi Plateau (Figure 1) , than other slope and basin stations around the southwestern Canada Basin (Table 2 and Figures 10a-10d ). In the context of nutrient supply and biological activities, nutrient plumes from the Gulf of Anadyr move into the southwestern Chukchi Sea via the Bering Strait in summer. This nutrient-rich water of the Chukchi Sea is identified as Western Chukchi Summer Water (WCSW), being assumed to spread into the west of the Chukchi Plateau [ Shimada et al., 2001 Shimada et al., , 2005 Steele et al., 2004] . The highnutrient WCSW is carried eastward along the Chukchi Sea shelf slope and contributed to the high biological productivity [Hill and Cota, 2005] . In contrast, nutrient-poor Eastern Chukchi Summer Water (ECSW), which is originated from low-nutrient Alaskan Coastal Water along the Alaskan cost, flows into the Canada Basin via the Bering Strait [Shimada et al., 2001] . Therefore, higher nutrient and Chl a concentrations at the surface and higher maximum AOU and nutrient concentrations in the shallower halocline layer at S5 than other stations are probably attributed to the inflow of nutrient-rich WCSW into the west of the Chukchi Plateau [Nishino et al., , 2009 .
Iron Concentrations in the Deep Water Column
[21] In deep and bottom waters below about 750 m depth (CBDW), [D-Fe] levels were relatively uniform with 0.4-0.6 nM and 0.9-1.1 nM at the depths between 750 m and 1500 m at B1, B2, B3, and S2 and at S5, respectively. Below 1500 m depth, these slightly decreased with depth to 0.25 nM at 3500 m depth of B1 and to 0.28 nM at 2143 m depth (near bottom) of B3 (Figures 8a and 8c) . These low [D-Fe] values may be due to the low concentrations of humic DOM (Figures 5a and 5c ). The vertical distributions of [D-Fe] in the deep water column were relatively similar to those of humic F intensity with almost uniform value of ∼2 QSU in deep water and slight decrease with depth below 1500 m depth, rather than nutrient concentrations with slight increase with depth ( Figure 5 ). However, [D-Fe] levels in deep water at S5 were approximately 2 times higher than those at other slope and basin stations (Figure 8 ), probably resulting from the higher biological productivity at the surface water and the higher production of dissolved Fe from the microbial decomposition of sinking particulate organic matter in deep water of S5 than the other slope and basin stations [Nishino et al., , 2009 . The remineralization of biogenic particles release iron, and this process is responsible for the vertical distribution of iron. The high [D-Fe] from the biological decomposition in deep water of S5 may contain a large amount of colloidal Fe (<0.22 mm size). It has been reported that dissolved Fe (<0.4 mm size) in the North Atlantic Deep Water decreased by 30% from the North Atlantic to the South Atlantic site with most of the decrease due to loss of colloidal Fe fraction (0.02-0.4 mm size) and that dissolved and colloidal Fe concentrations in deep water vary between water masses depending on the source, age, and path of the water masses [Bergquist et al., 2007] . In addition, recent several studies of iron distributions revealed that [D-Fe] are about 2 times higher (0.8-1.5 nM) in deep waters in the western North Pacific [Nakabayashi et al., 2001; Nishioka et al., 2003 Nishioka et al., , 2007 Takata et al., 2006; Kitayama et al., 2009 ] than (0.5-0.6 nM) in the central North Pacific [Takata et al., 2006; Kitayama et al., 2009] , (0.5-0.7 nM) around station P in the Gulf of Alaska [Martin et al., 1989; Nishioka et al., 2003] and (0.4-0.5 nM) at the VERTEX-IV site in the center of the North Pacific subtropical gyre [Bruland et al., 1994] . This probably reflects the regional patterns of the eolian source, physical transport, and the water column cycling of iron, such as biological uptake, remineralization of biogenic organic matter, scavenging onto particles, and iron complexation with organic ligands [Johnson et al., 1997] . Kitayama et al. [2009] suggested that the decrease in [D-Fe] in the deep water column from the western to the central and eastern North Pacific Ocean may be due to colloidal Fe removal as well as particulate Fe by particle scavenging during passing from the western to eastern regions. All of these factors point toward different residence times for iron in the surface and deep waters of these regions. Therefore, the [D-Fe] profiles are generated by a complicated balance between surface input, biological uptake, vertical flux, in situ regeneration, particle scavenging, and physical mixing.
[22] In bottom waters at B2, B3, S2, and S5 in slope region and at B1 in basin region, the sudden or gradual increase in [T-Fe] with depth ( Figure 8 ) is probably due to the resuspension of sediments from the seafloor. Especially, the extremely high [T-Fe] were observed in the bottom water near seafloor at B2 and S2 of the steep slope regions. The increase in [T-Fe] with depth in bottom waters was also observed at wide area in the North Pacific Ocean [Ezoe et al., 2004; Takata et al., 2005; Kitayama et al., 2009] and at slope regions in the semiclosed Japan Sea in previous studies.
Relationship Between Iron and Humic-Type FDOM Through the Water Column
[23] The low level of humic F intensity in the surface mixed layer may result from the degradation of humic-type FDOM in the photic zone. It is well known that humic F intensity remarkably decreases during photoirradiation [Mopper et al., 1991, Chen and Bada, 1992] . The distributions of humic F intensity and [D-Fe] were somewhat different from those of nutrients such as nitrate (Figures 3 and 4) . Among stations, there are little differences in the AOU and nutrient concentrations against s (Figures 10a-10d) , while relatively large differences in the humic F intensity and [D-Fe] of the surface mixed layer and the upper HL (Figures 10e and 10f) . Therefore, the distributions of humic F intensity and [D-Fe] were more closely related to the fractional composition of sea ice melting in addition to river inputs, lateral transport and in situ biological production/decomposition.
[24] In our previous studies [Tani et al., 2003 , Takata et al., 2004 Kitayama et al., 2009; Yamashita et al., 2010] [D-Fe] in the deep water column. In addition, commercial humic acid, soil fulvic acid, and natural organic matter in coastal waters were found to have sufficient affinity for Fe to compete with Fe(III) hydrolysis in seawater [Kuma et al., 1996; Rose and Waite, 2003; Chen et al., 2004; Gerringa et al., 2007] . In a recent study [Laglera and van den Berg, 2009] , comparative measurements of the total iron complexing capacity showed that the natural humic substance can account for the entire ligand concentration in the shallow coastal and deep ocean waters tested.
[25] In the present study, [D-Fe] in the upper HL of the slope and basin regions appeared to be associated with humic F intensity (Figures 3-5, 8 , and 10), while those of the shelf region did not (Figures 6 and 9) . The humic F intensity values [Fe(III) sol] is probably due to the faster dissolved Fe supply rate than the removal rate and the presence of colloidal Fe form in the dissolved Fe fraction. Therefore, the higher [D-Fe] in the shelf region than the slope and basin regions may result from the rapid dissolved Fe supply from the shelf sediments and the presence of colloidal Fe form. The decrease in [D-Fe] from the shelf region to the slope and basin regions may be due to colloidal Fe removal as well as particulate Fe by particle scavenging during lateral transport from the shelf to the slope and basin (Figures 8 and 9) . In our previous studies [Nakabayashi et al., 2001; Kuma et al., 2003; Takata et al., 2004 Takata et al., , 2005 Kitayama et al., 2009] , the [D-Fe] at each depth in the deep water column of the western North Pacific Ocean was always higher than [Fe(III)sol] value, resulting from the higher production of dissolved Fe from the decomposition of sinking particulate organic matter because of the high atmospheric and/or lateral Fe inputs in the western region. However, that of the central North Pacific Ocean was almost the same as [Fe(III)sol] value, being attributed to [D-Fe] being nearly in the solubility equilibrium with Fe(III) hydroxide in seawater. Therefore, the [D-Fe] of the shelf water in the present study is generally oversaturated above the solubility equilibrium concentration of Fe(III) hydroxide against humic F intensity ( Figure 11 ) and therefore may contain a large amount of colloidal Fe in the dissolved Fe fraction. However, there might be other factors inducing the high [D-Fe] in the surface water. For example, it has been reported that [D-Fe] and [Fe(III) sol] values in the surface water may be heightened by the high concentration or stronger affinity of natural organic Fe(III) chelators, which may be released by phytoplankton or bacteria, except for humic DOM in the present study [Kuma et al., 2000; Nakabayashi et al., 2001; Takata et al., 2004] . In deep water column (CBDW) of the slope and basin stations, except for S5, [D-Fe] levels were nearly on a solid line of [Fe(III)sol] against humic F intensity (Figure 11 ), suggesting [D-Fe] being nearly in the solubility equilibrium with Fe(III) hydroxide. However, the [D-Fe] levels in deep water at S5 were 2 times higher than those at other stations although the humic F intensity levels (∼2 QSU) were almost same at all stations (Figures 5, 8, and 11) , probably resulting from the [Kitayama et al., 2009]. higher biological productivity at the surface water (Figure 7a ) [Nishino et al., , 2009 and the higher production of dissolved Fe from the microbial decomposition of sinking particulate organic matter in deep water of S5 than the other slope and basin stations.
[26] In the present study, the halocline layer in the surface water of the western Arctic Ocean could be a zone of intense remineralization and thus the high concentrations of [D-Fe] and humic-type FDOM as evidenced by subsurface maxima in other nutrients and AOU. The humic-type FDOM may play an important role in regulating [D-Fe] in the water column of the western Arctic Ocean as well as other coastal and oceanic regions and in laterally transporting iron from the shelves to the Arctic Ocean interior.
